Background: Ablative fractional laser (AFXL) is an acknowledged technique to increase uptake of topical agents in skin. Micro thermal ablation zones (MAZs) consist of ablated vertical channels surrounded by a coagulation zone (CZ). Laser scanning confocal microscopy (LSCM) images individual MAZs at 733 nm (reflectance confocal microscopy (RCM)). Further, LSCM can image sodium fluorescein (NaF) fluorescence with 488 nm excitation (fluorescence confocal microcopy (FCM)), a small hydrophilic test molecule (370 MW, log P -1.52), which may simulate uptake, bio-distribution, and kinetics of small hydrophilic drugs.
Background: Ablative fractional laser (AFXL) is an acknowledged technique to increase uptake of topical agents in skin. Micro thermal ablation zones (MAZs) consist of ablated vertical channels surrounded by a coagulation zone (CZ). Laser scanning confocal microscopy (LSCM) images individual MAZs at 733 nm (reflectance confocal microscopy (RCM)). Further, LSCM can image sodium fluorescein (NaF) fluorescence with 488 nm excitation (fluorescence confocal microcopy (FCM)), a small hydrophilic test molecule (370 MW, log P -1.52), which may simulate uptake, bio-distribution, and kinetics of small hydrophilic drugs.
Objectives: To explore LSCM for combined investigations of CZ thickness and uptake, bio-distribution, and kinetics of NaF in AFXL-exposed skin.
Study Designs/Methods and materials: Excised human abdominal skin samples were exposed to AFXL (15 mJ/microbeam, 2% density) and NaF gel (1000 mg/ml, 10 ml/cm2) in six repetitions, including untreated control samples. CZ thickness and spatiotemporal fluorescence intensities (FI) were quantified up to four hours after NaF application by RCM and FCM. Test sites were scanned to a depth of 200 mm, quantifying thickness of skin compartments (stratum corneum, epidermis, upper dermis), individual CZ thicknesses and FI in CZ and surrounding skin.
Results: RCM images established skin morphology to a depth of 200 mm. The CZ thickness measurements were feasible to a depth of 50 mm, and remained unchanged over time at 50 mm (P > 0.5). FI were detected to a depth of 160 mm and remained constant in CZ up to four hours after NaF application (15 minutes: 79 AU (73-92 AU), 60 minutes: 72 AU (58-82 AU), four hours: 78 AU (71-90 AU), P > 0.1). In surrounding skin, FI increased significantly over time, but remained lower than FI in CZ (15 minutes: 21 AU (17-22 AU), 60 minutes: 21 AU (19-26 AU), four hours: 42 (31-48 AU), P ¼ 0.03). AFXL-processed skin generated higher FI compared to non-laser processed
INTRODUCTION
Ablative fractional laser (AFXL) is one of several techniques to enhance topical drug uptake in skin [1, 2] . Stratum corneum is a barrier for topical drug uptake [3, 4] . The hydrophobic non-polar lipid matrix embedding corneocytes impairs uptake of hydrophilic and charged molecules in intact skin. For lipophilic drugs, a molecular weight (MW) of 500 Da is the approximate maximum for passive diffusion through intact stratum corneum. [4] [5] [6] . AFXL disrupts the skin barrier by creating vertical microscopic ablation zones (MAZs), which consist of channels of ablated tissue surrounded by a zone of thermal damage, the coagulation zone (CZ). Dimensions of MAZs are determined by the applied laser settings. The impact of laser channel depth and density has been explored in various previous experimental studies [7] . However, so far only a few studies have focused on the impact of the CZ on AFXL-assisted topical drug delivery [8, 9] .
Laser scanning confocal microscopy (LSCM) is a noninvasive imaging technique, which allows in vitro and in vivo imaging of skin with a 500 Â 500 mm field of view to a depth of maximum 200 mm at high resolution of 0.5-1.0 mm [10, 11] . Horizontal optical sections are acquired at specific skin depths and compilation constitutes a z-stack. LSCM are commonly equipped with lasers having peak emissions ranging from 488 to 830 nm depending on the configuration. LSCM images are obtained at different wavelengths enabling distinct image modalities. Reflectance confocal microscopy (RCM) at 785-830 nm allows near histological resolution imaging of skin morphology based on variations of the refractive index within tissue. Skin strata and specific structures can therefore be identified and distinguished [11] . Fluorescence confocal microscopy (FCM) enables imaging of specific endogenous and exogenous fluorescent molecules for example fluorescein with an excitation wavelength of 488 nm. RCM has successfully been used to image skin morphology of superficial skin diseases, in particular non-melanoma skin cancer, actinic keratosis (AKs), and melanocytic lesions [12] [13] [14] [15] [16] . Further, FCM and RCM imaging have been combined with fluorescent molecules and nonfluorescent compounds in explorative contrast agent and drug delivery studies [17] [18] [19] [20] [21] [22] . Finally, AFXL channel morphology was previously described by means of RCM [23] [24] [25] . However, the combined use of RCM and FCM imaging for spatiotemporal investigation of an applied test molecule in AFXL-processed skin remains unexplored.
NaF is a fluorescent, small, hydrophilic molecule, with a MW of 373 Da and negative log P of À1.52. The compound has been safely detected and investigated in skin by FCM and other non-invasive imaging techniques [18] [19] [20] [21] 26, 27] . Further, NaF has been used for decades in ophthalmology as a contrast agent for angiography and to detect corneal abrasion defects. The molecule absorbs blue light at 465-490 nm and resulting fluorescence emitting at green-yellow wavelengths, 520-530 nm. Fluorescence increases by molecular binding to proteins and cells, and at increasing pH-levels ranging from 3 to 8. Therefore, NaF has the potential to be delivered through AFXL channels and resulting fluorescence intensities (FI) detected by FCM in specific regions of interest (ROIs), such as the CZ and surrounding skin. Thus, the aim of the present proof of concept study was to investigate the applicability of LSCM for combined investigations of CZ thickness and uptake, bio-distribution and kinetics of NaF in AFXL-exposed skin, which to our knowledge has not previously been explored.
MATERIALS AND METHODS

Skin Samples
Excised human abdominal skin was obtained from human volunteers (n ¼ 6) with Fitzpatrick skin types I-II undergoing elective surgery. Skin samples stored at À308C were thawed for 15 minutes at room temperature of 328C prior to study initiation. The study was approved by the Princess Alexandra Hospital Research Committee (HREC/12/QPAH/ 217, administered by the Metro South Human Ethics committee at the Princess Alexandra Hospital and the University of Queensland Human Ethics Committee). Skin donors provided informed written consent.
Study Setup
The study set-up is summarized in Table 1 . Two interventions with AFXL þ NaF and NaF alone were 
AFXL, ablated fractional laser; NaF, sodium fluorescein; NT, non-treated; RCM, reflectance confocal microscopy; FCM, fluorescence confocal microscopy.
examined at three time points (15 minutes, 60 minutes, 4 hours), whereas AFXL-processed and non-treated (NT) controls were examined at one time point (15 minutes). After gentle removal of NaF at skin surface with saline 0.9%, interventions were assessed by RCM and FCM (Vivascope 1500 Multi Laser, Lucid, Inc, Rochester, NY).
Five sites within each test area were examined in six repetitions. Thus, a total of 240 RCM z-stacks and 240 FCM z-stacks were acquired. The five sites for RCM and corresponding FCM scanning were selected in a cruciform pattern as demonstrated in Figure 1a . Individual samples were prepared for each of the three time points to minimize NaF photobleaching during FCM scanning.
Ablative Fractional Laser Exposure
AFXL exposure was performed with a fractional 10,600 nm CO 2 laser (Sella CIS-FI 2nd generation, Korea), which delivered single 1.1 ms pulses of 15 mJ/microbeam (mb) at 2% density with a beam diameter 120 mm (256 MAZ/cm 2 ) using stamping mode, covering individual 1 Â 1 cm test areas.
Sodium Fluorescein
NaF (Sigma-Aldrich, St. Louis MO) was diluted in gel (LEO Pharma, hydro alcoholic placebo gel no. 130-345-06-01P) to a concentration of 1000 mg/ml. An amount of 10 ml per cm 2 skin area was spread evenly over the test area.
Laser Scanning Confocal Microscopy Imaging
Reflectance and corresponding fluorescence data were generated using 785 nm excitation laser at 0-5 mW (RCM) and 488 nm excitation laser at 5 mW (FCM), respectively. Images were recorded with the laser channel centered in each image. Individual z-stacks consisted of horizontal 500 Â 500 mm optical sections acquired at every second micron from skin surface to a depth of 200 mm, resulting in 101 images per stack (Fig. 1b) .
Image Analysis
RCM and FCM z-stacks were processed in ImageJ software (Java based freeware, National Institutes of Health, USA) in 8-bit gray scale mode. RCM z-stacks were used to (i) identify specific skin compartments (stratum corneum, epidermis, upper dermis); (ii) assess thickness of the specific skin compartments; and (iii) delineate interface between the CZ and surrounding skin (Fig. 2a.) . Thickness of individual CZs was assessed at three randomly selected locations within an image to take variation of CZ thickness into consideration (Fig. 2a) . The average of the three measurements represented thickness of the individual CZ.
In fluorescence images, the CZ and surrounding skin in a horizontal distance of up to 150 mm, respectively, were manually defined to exclude any artifacts (Fig. 2b) . In all images acquired at skin depths from 0 to 200 mm, mean FI were assessed separately for the CZ and surrounding skin. Further, average FI from the CZ and surrounding skin were calculated for each specific skin compartment (stratum corneum, epidermis, upper dermis). Auto FI were assessed in AFXL-exposed and intact skin without NaF. FI levels reached 3-5 AU and no significant differences were observed between FI in AFXL-exposed and intact skin (P > 0.1) ( Table 2) . Presented NaF FI were, therefore, not adjusted for auto FI.
RCM and FCM z-stacks were merged into red-greenblue (RGB) color images to provide additive, visual information on NaF distribution in the CZ and surrounding skin (Fig. 2c) .
Statistics
Non-parametric statistics were used, and descriptive data for inter-individual samples presented with medians and interquartile ranges (IQR). Wilcoxon test was used to test differences between test areas at various time points, between AFXL-exposed and intact test areas, and between various skin depths or compartments. P-values <0.05 were considered statistically significant. Analyses were performed in SPSS version 23 (IBM Corporation, Armonk, NY). Graphs were generated in Prism GraphPad, version 7 (GraphPad Software Inc., la Jolla, CA).
RESULTS
Skin Morphology and Thickness of the Coagulation Zone
RCM generated images of specific skin compartments (stratum corneum, epidermis, upper dermis) to a depth of 
200 mm with decreasing resolution in deeper skin layers. Median thickness of stratum corneum was 18 mm (16-20 mm), epidermis 48 mm (46-58 mm) and upper dermis 135 mm (134-140 mm). MAZs were identified as round, dark, and white areas with black centers representing ablation defects and surrounding CZs, which penetrated through stratum corneum (Fig. 3a) , epidermis ( Fig. 3b ) and upper dermis (Fig. 3c) . CZ was identified at skin surface to a depth of approximately 50 mm. In sections deeper than 50 mm, the CZ could not be delineated from the ablation defect due to decreased image quality (Fig. 3c) . Thickness of the AFXL-induced CZ remained constant from surface to the depth of 50 mm (P > 0.2) and over time (P > 0.5). Median CZ thickness assessed at stratum corneum level was 59 mm (53-74 mm) at 15 minutes, 60 mm (55-67 mm) at 60 minutes and 55 mm (53-63 mm) at 4 hours after AFXL-exposure (P > 0.5). At 50 mm, the median CZ thickness was 57 mm (54-62 mm) at 15 minutes, 58 mm (53-58 mm) at 60 minutes and 58 mm (55-61 mm) at 4 hours (P > 0.5).
Fluorescence Intensities and Kinetics in Skin Exposed to Ablative Fractional Laser
FI of NaF in ROIs ranged from 3 to 190 arbitrary units (AU) and were detected to a depth of approximately 160 mm. FI are given in Table 2 and showed dependence on skin depth, ROI, and time of assessment. Regarding skin depth, all FI decreased with skin depth, independent of ROI and time of assessment as shown in graphs and images of Figures 3-5 . Regarding ROIs, NaF rapidly accumulated within the CZ, which presented high FI at the level of stratum corneum and epidermis compared to surrounding skin (P ¼ 0.03) (Figs. 3g-i and 4) . Further, FI in the CZ remained unchanged over time within the specific skin compartments (P > 0.5) (Figs. 4 and 5) . In contrary, FI in surrounding skin increased significantly after 4 hours within epidermis and upper dermis compared to previous time points (P ¼ 0.03) and non-laser processed skin (P ¼ 0.03) (Fig. 6) . Therefore, as listed in Table 2 , FI in epidermis increased from 21 AU (17-22 AU) at 15 minutes and 21 (19) (20) (21) (22) (23) (24) (25) (26) at 60 minutes to 42 AU (31-48 AU) at 4 hours, and FI in dermis from 9 AU (7-8 AU) at 15 minutes and 10 AU (8-11 AU) at 60 minutes to 16 AU (13-15 AU) at 4 hours. in stratum corneum, epidermis and upper dermis after 15 minutes, 60 minutes, and 4 hours, respectively. The highest FI occur in the coagulation zone (CZ) in stratum corneum and epidermis. FI from surrounding skin at 4 hours are increased in epidermis and upper dermis suggesting enhanced delivery of NaF (P ¼ 0.03).
DISCUSSION
This proof of concept study is the first to combine RCM and FCM techniques to investigate uptake, bio-distribution, and kinetics of a test drug in AFXL-processed skin. Delineation of the CZ in RCM images was feasible to a depth of approximately 50 mm, and FI could be detected to a depth of approximately 160 mm by FCM. FI in the CZ reached high levels within 15 min and remained unchanged up to 4 hours. In contrary, low FI in surrounding skin increased over hours (P ¼ 0.03), but did not reach same levels as in the CZ. Data may suggest that NaF gel was taken up in the CZ within minutes, sustained in the CZ for hours and subsequently diffused into surrounding skin. The lower FI in surrounding skin compared to FI in the CZ may further suggest that steady state was not reached within 4 hours. These results indicate, that the CZ can serve as a reservoir in sustained drug release studies with small hydrophilic drugs.
Several studies have investigated the impact of AFXL channel depth and density on drug uptake [7] . However, limited information is available on the impact of the AFXLinduced CZ on uptake, bio-distribution and kinetics of topically applied drugs [8, 9] . In a Franz-cell in vitro setting, Haak et al. explored the impact of various CZ thicknesses (0, 20, and 80 mm) on uptake of fluorescent-labeled polyethylene glycols (PEGs) by fluorescence microscopy [8] . Data were collected after 4 hours of incubation and suggested enhanced skin uptake of PEGs in skin with a CZ compared to no CZ. We investigated one CZ thickness at approximately 50 mm at several time points up to 4 hours. Our data may substantiate that uptake of a small hydrophilic test drug is enhanced in skin with a CZ after 4 hours of incubation. Further, findings imply that the CZ serves as a reservoir for a small hydrophilic test molecule before diffusion into surrounding skin. This study suggests that LSCM can be applied in future studies to investigate the impact of the CZ on drug uptake in superficial skin layers. The CO 2 AFXL-induced CZ and skin morphology acquired by RCM was in accordance to previous studies [23, 24] . Further, for the first time we demonstrated use of the fluorescence confocal modality for quantifying fluorescein uptake in AFXL-exposed skin. Future studies may therefore apply LSCM to investigate the impact of CZ on uptake of fluorescent test molecules characterized by various bio-chemical attributes.
The standardized study set up conducted in an in vitro human skin model and evaluations at several time points with numerous RCM and FCM scans constituted strengths of the present study.
Technical limitations of LSCM technique consisted of limited detection of FI and imaging of skin morphology to a depth of maximum 160 and 200 mm, respectively. Assessment of the CZ thickness was limited to a depth of 50 mm due to decreasing image resolution with skin depth. These results differ from results by Yue et al. [25] , who assessed YSSG laser-induced CZ thicknesses in in vitro human foreskin by LSCM to a depth of approximately 90 mm. The conflicting results may be explained by differences in the applied laser and the exposed skin samples, which were harvested from different anatomical locations. Future studies may apply histology to assess deeper skin layers [23] . Another limitation of LSCM technique was the limited horizontal field of view of 500 Â 500 mm, which impairs overview. Fluorescence microscopy may be required to assess a wider field of view and FI in deep skin layers.
Histological controls for CZ dimensions were not performed and presented a limitation of the study. To our knowledge no studies have yet correlated CZ dimensions by LSCM and histology, which may further be addressed in future studies. Applicability of the presented results for in vivo settings may also require investigations. Skin structures in thawed ex vivo skin may change during thermal stress possibly resulting in different bio-distribution of the applied drug compared to in an in vivo setting. It may be assumed that active ingredients more easily pass keratinocyte borders in thawed skin with compromised integrity than in living skin. Finally, clearance of the drug via metabolism and blood flow does not occur in ex vivo skin, which could result in increased accumulation of the drug in specific skin compartments. As mentioned earlier, it is a strength of the study that we used human rather than animal skin. Nevertheless, these confounding factors are worth taking into consideration.
In conclusions, LSCM with combined RCM and FCM modalities may be applied to assess CZ thickness and uptake, bio-distribution and kinetics of a small hydrophilic test molecule, NaF in superficial skin layers of AFXLprocessed skin.
